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Abstract 
Nacelle fire is seen as one of the most difficult to put out. To clarify the characteristics of fire spread in nacelle and determine the 
minimum usage of fire extinguishing agent, a numerical study is conducted to investigate fire activity in helicopter nacelle by analyzing 
the distribution of heat release rate, velocity vector field, temperature field and the distribution of fire extinguishing agent concentration 
with FDS (Fire Dynamics Simulator). Full scale experiment is implemented and three fire sources are set in the nacelle away from front 
fire wall of 1/4 position, 1/2 position and 3/4 position, respectively. Fire extinguishing system is designed by the results of fire spread. 
The distribution of fire extinguishing agent concentration is investigated from 6 s to 10 s. Ten scenarios are studied, which are established 
by changing mass flow rate or injection time. The results indicate that the fire spread in nacelle is affected by the position of inlet and fire 
source significantly under no ventilation condition. More attention should be paid on 1/4 position which locates at the opposite face of 
inlet. In order to improve the dependability of helicopter and reduce the waste of fire extinguishing agent, minimum usage of agent is 
obtained. Decreasing agent mass flow rate is propitious to improve reliability of fire extinguishing system when meets fire suppression 
requirement. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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Nomenclature 
  gas density (kg/m³) 
g acceleration of gravity (m/s2) 
wvu ,,u  three components of velocity (m/s) 
bf   external forces (N/m³) 
h    sensible enthalpy (kJ/kg) 
p pressure (Pa) 
T  temperature (K) 
q heat release rate per unit volume from a chemical reaction (kW/m3) 
t   time after fires (s) 
rq   radiative heat flux (kW) 
lD                         material diffusivity 
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lY                                 mass species concentration 
Q                                 heat release rate (kW) 
, , ,
x y z      
vector operator 
fA                               area of fuel pool (m
2) 
cH                            heat of combustion (kJ/kg) 
''m                                mass loss rate of combustion (kg/m2 s) 
M                               mass of fire extinguishing agent (kg) 
Xe                               engine concentration by volume fraction for certification 
V                                free volume of nacelle (m3) 
acturalW                         actual maximum air mass flow (kg/s) 
                                stress tensor 
                               thermal conductivity (W/(m K)) 
                               combustion rate 
1. Introduction 
Engine and various kinds of accessories which is used to completing the task successfully are equipped in nacelle of 
helicopter. Due to long time flight, fuel leakage and grease are attached to the nacelle. The coexistence of electrical 
equipment, fuel leakage and high temperature wall of engine make fire broken out possible and threaten the safety of 
helicopter. Once fire occurs, the consequence cannot imagine. 
The safety of aircraft has been studied for several years. From the late sixties of last century, FAA studied on fire spread 
in nacelle at lower flight with full scale experiment [1]. In the nineties of last century, experiment and numerical simulation 
method were used to study nacelle fire. Donaghy [2] adopted numerical simulation method to simulate nacelle fire. It was 
validated by experiment with 1/5 scale model of nacelle to demonstrate that simulation method on the nacelle fire can be 
used. Meanwhile, Sandia National Laboratory [3-5]was committed to study fire extinguishing system. Many kinds of 
published software were applied to verify whether fire can be suppressed successfully by analyzing the distribution of fire 
extinguishing agent concentration. Gann [6] wrote a report about the performance of Halon alternative. It concentrated on 
the distribution of fire extinguishing agent concentration with numerical method and experimental method. As we know, 
engineering calculation methods which are used to determining the minimum usage of fire extinguishing agent is larger than 
the actual usage. It is a conservative method. Thus, this study devotes to develop a method of determining minimum usage 
of agent with numerical simulation. Although Halon is prohibited due to environment pollution, fire extinguishing systems 
of military helicopters still use. So Halon 1301 is applied here as a case to show how to calculate the minimum usage of 
agent with numerical simulation method. 
2. Model 
2.1. Mathematical model 
Field simulation can reflect variables changing with time at different positions accurately [7, 8]. Hereby FDS (version 
5.3.0), a kind of field simulation software, is applied. It is based on the conservation of mass, momentum and energy [9].  
Conservation of mass: 
                                                              0u
t
                                                                             (1) 
Conservation of momentum: 
                                                  iju uu bp g ft
                                       (2) 
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Conservation of energy: 
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Large Eddy Simulation (LES) and Direct Numerical Simulation (DNS) are employed in FDS to treat turbulence. Here, 
Sub-Grid-Model (SMG) is used in LES. SMG is developed originally by Smagorinsky. It is defined as [9] 
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/
ijij uSSSC                                                              (4) 
Mixture fraction combustion model and Radiative Transport Equation (RTE) model are used to the SMG of combustion 
and radiation, respectively. Diameter of sprinkler system liquid can be represented by a combination of log-normal and 
Rosin-Rammler distribution. 
2.2. Physical model 
 
Fig. 1. Physical models of nacelle. 
The computational domain is set to be 1.466 m × 0.813 m × 0.921 m (Fig. 1). Engine, accessories, inlet pipe and exhaust 
pipe are included in nacelle. Set inlet on the ceiling of nacelle, it equates to 0.3 m × 0.26 m. Outlet is set on the rear firewall. 
Considering the complex configuration of helicopter nacelle, simplifications of ignoring minor components and substituting 
some complicated components with cylinders are applied. In addition, air leakage caused by configuration is not taken into 
account. Three fire sources are arranged in nacelle away from front fire wall of 1/4, 1/2 and 3/4. Four sprinklers are 
equipped in nacelle according to the analysis results of section 5.1. Table 1 shows the positions of sprinklers. The minimum 
and maximum sprinkler angles are 30° and 75°, respectively. 
Table 1. Sprinkler positions in nacelle 
Serial Number X (m) Y (m) Z (m) Direction of Sprinkler 
1 1.316 0.597 0.700 Opposite of Z axes 
2 1.166 0.157 0.356 45° with opposite of X axes on XZ plane and upward 
3 1.316 0.407 0.896 45° with opposite of X axes on XZ plane and downward 
4 0.466 0.707 0.470 45° with opposite of Y axes on YZ plane and upward 
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3. Fire scene and fire suppression scenarios 
Fuel leaks from the fuel pipe and drops on the bottom of nacelle at flight routines. The shape of fuel pool is simplified as 
cubic, aviation fuel JP-5 is chosen, and the size of fuel pool is 0.3 m × 0.3 m × 0.002 m. The maximum heat release rate Q  
is 85.7 kW which is obtained by following equation [10] 
                                                 
''
f cQ A m H                                                                (5) 
where '' '' (1 )k Dm m e . The time of burnout is 72 s with ''/ ft V m A .when sufficient oxygen is supplied to 
combustion. Growing process of pool fire is seen as ultra-fast combustion that complies with 20.1878Q t . Here, it assumes 
that grease on the engine surface does not burn until its temperature exceeds ignition point 698 K. 
Table 2. Fire suppression scenarios 
Type Scenario Mass flow rate (kg/s) Injection time (s) Injection mass (kg) 
1 
a 1.2 1 1.2 
b 1.2 0.8 0.96 
c 1.2 0.6 0.72 
d 1.2 0.5 0.6 
2 
a 1.0 1 1.0 
b 1.0 0.8 0.8 
c 1.0 0.6 0.6 
d 1.0 0.5 0.5 
3 
a 0.8 1 0.8 
b 0.8 0.8 0.64 
 
Table 3. Test point positions in nacelle 
Serial 
number 
Positions (m) 
x y z 
1 0.555 0.507 0.700 
2 0.255 0.407 0.700 
3 0.716 0.407 0.040 
4 0.266 0.407 0.040 
 
For the special configuration of nacelle, putting out fire in nacelle has a great challenge, especially for pool fire[11, 12]. 
Whether fire in nacelle can be put out successfully is decided by the distribution of fire extinguishing agent concentration 
and injection time. Based on the aviation code of China, the concentration of fire extinguishing agent at operation areas 
should be 22% by mass fraction or 16% by volume fraction at least after it is injected into nacelle, the time of keeping 
required concentration needs to last longer than 0.5 s, and injection time is less than 1 s [13]. This code is as a judgement to 
determine whether fire has been put out.  
Fire suppression scenarios in Table 2 are designed by changing mass flow rate or injection time. It assumes that velocity 
of droplet is 20 m/s. Four test points are used to evaluate reliability of fire extinguishing system. Test point 1 and 2 are at the 
upside, and 3 and 4 are at the downside of nacelle. Test point positions are shown in Table 3. Generally, the detector system 
of helicopter nacelle is in high sensitivity. Therefore, it presumes that fire extinguishing system starts after fuel pool burns 6 
s. The distribution of fire extinguishing agent concentration is investigated from 6 s to 10 s. 
The minimum usage of fire extinguishing agent is 1.09 kg by engineering method as follows [6] 
1077 Xuemin Niu et al. /  Procedia Engineering  62 ( 2013 )  1073 – 1080 
                                        0.246438 20.1161 actural
XeM XeV W
Xe                                                           
 (6) 
Here, free volume is about 0.5 m3, the maximum actual air mass flow rate is 0.624 kg/m3, and the minimum volume fraction 
is 16%. 
4. Mesh and boundary 
The hexahedral meshes are applied to the calculation region. The grid number is 150 × 81 × 90 to keep the calculating 
precision by testing mesh independent. Engine is composed of combustion, turbine, compressor, grease chamber and scroll 
case. Heat flux of components and accessories are as input. Other surfaces are supposed to be adiabatic. Emissivity is 0.6. 
Environment temperature and pressure are 303 K and 101325 Pa, respectively. Natural ventilation is applied to the inlet. 
5. Results and discussion 
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  Fig. 2. The positions of fuel pools and reference points at reference plane.             Fig. 3. Heat release rate of fire. 
5.1. Fire spread in nacelle 
The central cross section of nacelle locating at y = 0.406 is chosen as reference plane as shown in Fig. 2. The analysis of 
heat release rate, velocity distribution and temperature field are all based on this plane. Five reference points lie in 
horizontal and five in vertical to study temperature field.  
 Heat release rate 
Figure 3 illustrates that the maximum heat release rate to three conditions at combustion peak time is more than 90 kW, 
which is larger than calculated value from Eq. (5). Heat release rate decreases to zero after 23 s. It is shorter than the time of 
complete combustion 72 s. It indicates that grease on the engine surface burns, and fuel leakage dose not combust 
completely. Limited by space, a little oxygen in nacelle can support combustion. With the consumption of oxygen, available 
oxygen in nacelle becomes less and less. Thus, fuel does not combust completely due to insufficient oxygen.  
 
(a) 1/4 position                                                          (b) 1/2 position                                              (c) 3/4 position 
Fig. 4. Velocity vectors of section at combustion peak time. 
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(a) 1/4 position                                                     (b) 1/2 position                                                        (c) 3/4 position 
Fig. 5. Horizontal temperature distribution of reference points. 
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(a) 1/4 position                                                     (b) 1/2 position                                                    (c) 3/4 position 
Fig. 6. Vertical temperature distribution at reference points. 
 Velocity field 
According to the characteristics of fire spread, fire catches oxygen enrichment regions and moves to capacious spaces. 
Black arrow in Fig. 4 illustrates the direction of gas flow in nacelle. The circumfluence at the upside of nacelle is caused by 
confined space. Once gas collides with solid surface, the direction of gas flow is changed, and circumfluence forms after a 
cycle process. Affected by buoyancy, the velocity of upper gas is obviously faster than the lower. In Fig. 4(a), high velocity 
areas are dispersed at 1/4 position comparing with other conditions, and it may influence the work of most upper 
components. It suggests that changing fire sources influence the velocity field in nacelle. 
 Temperature Field 
In Fig. 5, temperature in nacelle still keeps 500 K though fire is extinguished completely at 25 seconds later. Reference 
points in high temperature are A, B for 1/4 position, B, C, D for 1/2 position, and E for 3/4 position. It represents that fire 
source positions affect temperature distribution in nacelle. Also, temperature increases rapidly in a short time. In Fig. 5(a), 
all points are in high temperature. In addition, the maximum temperature of reference A in 1/4 position is the highest among 
all points. We notice that it is just on the opposite face of inlet when fire source is at 1/4 position.  Hence, it is very 
dangerous in this condition and more attention should be paid on this region in fire protection design.  
In Fig. 6, reference point G and H are in high temperature during fire growth. Point I, J and K have little temperature 
differences since distance differences of I, J and K are very little except in Fig. 6(a). Affected by air inlet, the temperature of 
point K near inlet is lower than I and J in Fig. 6(a). Although the temperature of some reference points in Fig. 6(a) is lower 
than others, all reference points of Fig. 6(a) are in higher temperature. The angle of deviation, flame movement deviates 
from vertical direction, is almost zero at 1/4 position. The larger angle of deviation, the lower temperature of point I, J and 
K are. Despite deviation angle in Fig. 6(c) is larger than in Fig. 6(b), temperature is just the reverse.  It is because point I, J 
and K situate at region with high heat flux for Fig. 6(c). The action of temperature rise for heat flux is larger than inlet. It 
shows that temperature field is affected by the position of fire sources and inlet. It shows again that the most dangerous 
condition is when fire source locates at the opposite side of inlet.  
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5.2 The distribution of fire extinguishing agent concentration 
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Fig. 7. The distribution of fire extinguishing agent concentration of scenario 1a. 
In there, scenario 1a is analyzed since concentration distribution trends for other scenarios are similar. In Fig. 7, straight 
line represents concentration of 22% by mass fraction. Concentration of point 2 is almost zero within injection time. 
Ejection is ended up within 1s. Concentration of test point 2 does not change until about 7 s. Concentration of point 1 and 2 
is lower than point 3 and 4. It shows that putting out the upper fire of nacelle is more difficult than the lower. Affected by 
injection velocity at the beginning of ejection, fire extinguishing agent moves so quickly that concentration of test point 3 
and 4 increase. Concentration does not change after agent is in equilibrium state without the influence of injection and outer 
flow. Due to the velocity of fire extinguishing agent and evaporation, a half second delay appears at the beginning. Fig. 7 
illustrates that the time of required concentration is longer than a half second, and concentration at all test points are above 
22%. Therefore, it supposes that fire extinguishing system has high reliability under no ventilation condition. It could 
explain why it is better to shut off engine after fire is detected and then fire extinguishing system is started. 
To make sure whether fire suppression scenarios meet fire suppression requirement explicitly, the concentration of test 
point is to be substituted by average concentration from time of meeting required concentration to 10 s, and if the time of 
meeting required concentration is less than 0.5 within investigation time of 4 s, concentration at this reference point is 
substituted by average concentration from 9.5 s to 10 s.  
In type 1, scenario 1a and 1b meet the requirement (Fig. 8). Lower mass scenario is expected by meeting requirement. 
Optimized scenario of type 1 is scenario 1b considering of the mass of flight. In type 2, the average concentration of agent 
for both of scenario 2a and 2b are above 25%. Due to the special configuration of nacelle, uniformity distribution decides 
whether fire can be put out successfully [6]. Thus, scenario 2b is the best in type 2. All scenarios of type 3 meet requirement. 
By comparing scenario 1d and scenario 2c, scenario 2b and scenario 3a, mass usages are same, and they are respectively 0.6 
kg and 0.8 kg. The former set does not meet requirement, but the later does. It suggests that changing injection time or mass 
flow rate can change the distribution of fire extinguishing agent. But if injection mass is too low, no matter how to change 
injection time or mass flow rate, fire cannot be put out. So determining the minimum mass usage is necessary fire 
extinguishing system designing. Scenario 3a is the best one and its mass is 0.8 kg which does not include the mass usage of 
pipeline. Decreasing mass flow rate is benefit of improving the uniformity distribution of agent. It can increase the 
reliability of fire extinguishing system further. 
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Fig. 8. The distribution of fire extinguishing agent for different scenarios. 
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6. Conclusions 
Numerical simulation method FDS is used to study fire spread in nacelle and the minimum usage of fire extinguishing 
agent is gotten by analyzing the distribution of agent concentration. The results show that the position of inlet and fire 
sources influence fire spread in nacelle. Regions with high heat flux need to take more care. A method of calculating the 
minimum usage with CFD method is developed for fire extinguishing system designing. 
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